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ABSTRAKT: 
Cílem předložené diplomové práce byla in-situ příprava stříbrných nanočástic na 
kolagenové matrici jako antibakteriálního povlaku a studie vlivu podmínek přípravy na 
vlastnosti nanočástic, zejména jejich velikost, tvar, homogenita jejich distribuce a 
antibakteriální aktivita. V rámci práce byla rovněž sledována kinetika redukce stříbrných 
nanočástic z dusičnanu stříbrného a vliv teploty na její průběh. Připravený materiál a jeho 
vlastnosti byly analyzovány pomocí různých technik. UV-VIS absorpčních vlastností stříbra 
bylo využito pro kinetické studie redukce a uvolňování nanočástic. Pomocí rastrovací 
elektronové mikroskopie byla vyhodnocena homogenita stříbrného povlaku a přibližná 
velikost částic a jejich aglomerátů. Velikostní distribuce nanočástic byla pak přesně stanovena 
pomocí dynamického rozptylu světla. Pomocí infračervené spektrometrie s Fourierovou 
transformací s technikou úplného zeslabeného odrazu byla sledována interakce stříbra 
s funkčními, zejména karboxylovými skupinami. Termogravimetricky byla stanovena tepelná 
stabilita a procentuální obsah stříbra v materiálu. Vliv AgNPs povlaku na 3D strukturu 
kolagenního scaffoldu a fázový kontrast pro 3D zobrazovací techniky byl zkoumán pomocí 
rentgenové výpočetní nanotomografie. V neposlední řadě byla také stanovena antibakteriální 
aktivita připraveného materiálu a její závislost na koncentraci stříbra. 
ABSTRACT: 
Presented master thesis was focused on in-situ silver nanoparticles preparation on collagen 
matrix as an antibacterial coating and influence of preparation conditions on material 
properties, mainly nanoparticles size, shape, homogeneity of their distribution and 
antibacterial activity. Kinetics studies of silver nanoparticles reduction from silver nitrate 
were also studied within thesis. Prepared material was analysed using a variety of techniques. 
UV-VIS absorption properties of silver in neutral and ionic state were utilized for kinetics 
studies and nanoparticles release. Homogeneity of AgNPs layer and approximate size of NPs 
and their agglomerates were observed and captured using scanning electron microscopy. 
Their size was then exactly determined by dynamic lights scattering measurements. Infrared 
spectrometry with attenuated total reflection was used to study the interaction between silver 
and collagen carboxylic functional groups. Thermal stability and weight ratio of silver in 
prepared material was measured by thermal gravimetric analysis. Influence of AgNPs coating 
on 3D structure and phase resolution contrast of 3D visualization techniques was measured 
using X-ray computed nanotomography. Finally, antibacterial activity of silver coated 
collagen and its concentration dependence were evaluated. 
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1 INTRODUCTION  
Collagen is the most abundant fibrous protein in human as well as in all the mammalian 
body. It can be found all over the body, mainly as a component of connective tissue. Its main 
function is to keep the tissue compact, mechanically tough and flexible.  
As a naturally produced material, collagen has very low antigenicity and good 
biodegradability. That is why it is very often used in medical application, such as tissue 
engineering, cardiovascular surgery, dermatology, orthopaedics and many others. It is also 
widely used in pharmacy, food and cosmetic industry.  
Collagen is hardly ever used in its pure unmodified form. Different applications require 
different treatment and modification. Antibacterial modification of collagen should prevent 
bacterial growth on the material as well as support the cell growth at the same time.  
Silver nanoparticles are currently often used in lots of different areas, mostly as an 
antibacterial agent in creams, lotions and similar fields. 
Main goal of the proposed diploma thesis is to prepare silver nanoparticles “in situ” on 
collagen matrix and study the influence of specific preparation parameters and conditions on 
resulting shape and nanoparticles size affecting the product and its properties.  
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2 THEORETICAL PART 
2.1 Collagen 
Collagens are the most widely spread fibrous proteins in mammalian body. It forms about 
30 % of whole body protein content. Main role of these fibrils is to maintain tissue 
compactness and provide mechanical and structural properties that each tissue demands1.  
2.1.1 Structure of collagen 
Collagen is a protein, synthesized of 20 commonly occurring amino acids. Nevertheless, it 
is very unique for its amino acid sequence pattern, high grade of posttranslational 
modification and specific intermolecular cross-links1.  
Collagen structural levels are shown in Figure 1. Primary structure consists of linear amino 
acid sequence. Individual acids hold together by peptide bonds. These tough, planar bonds 
combine amino group of one amino acid with carboxyl group of another one. Amino acid 
composition indicates infrequently high content of Gly, nearly 33%. It means that almost 
every third amino acid is Gly and refers to repeating structural pattern (Gly-X-Y)n. Primary 
structure forms to create a more complex typical α-helices or β-plated sheets, as the most 
stable of all possible secondary structures. Secondary structures are connected to make 
a three-dimensional tertiary structure – triple helix. This structural level is common for all the 
collagen types. The collagen triple helix consists of three left-handed polypeptide chains, 
simultaneous and alternating in right-handed sense around theirs common axis. The three 
chains are connected by an inter chain hydrogen bond. Tertiary structures than forms three 
dimensional quaternary structure of a multi-unit protein 1, 2. 
Figure 1: Structural levels of collagen 
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2.1.2 Properties of collagen 
Since collagen is naturally occurred biopolymer, as mentioned above, it possess ideal 
properties for biological and medical application. Essential is its biocompatibility and 
biodegradability. Biocompatibility is the ability of material to function in its application 
without causing any undesirable harmful immune or inflammatory response. Inflammation is, 
to a certain degree, desirable as it triggers the interaction between the original tissue and the 
engineered biomaterial. Biodegradability is fundamental for enabling replacement of the 
biomaterial with regenerated tissue as it is usually undesirable to create a permanent implant. 
Collagen is also known to possess low antigenicity, good hemostatic properties and surface 
adhesion to biological materials.  
One of the main collagen drawbacks is its low antimicrobial activity, necessary for 
infection suppression and acceleration of the healing process. Studies reported that 
contamination by bacteria may partially or completely inhibit the tissue regeneration [4-6]. 
Antimicrobial activity can be successfully enhanced by suitable modification.  
2.2 Antibacterial hydrogels 
Hydrogels are hydrophilic polymer networks, able to absorb large quantities of water and 
can be either reversible (physical) or permanent (chemical). Reversible hydrogels are held 
together by molecular entanglements and secondary forces, such as ionic forces, hydrogen 
bonding or hydrophobic forces. Permanent hydrogels are formed by covalent cross-linking of 
the polymer. Overview of hydrogel preparation methods is shown in Table 1: Possible 
preparation methods of hydrogels and their description and examples [7]. Hydrogels can be 
chemically stable or either partially or fully degradable [5].     
Table 1: Possible preparation methods of hydrogels and their description and examples [7] 
Type of gel Method description Example 
Physical 
Warm a polymer solution to form a gel PEO-PPO-PEO 
Cool a polymer solution to form a gel Agarose, gelatine 
Cross-link a polymer in aqueous 
solution, using freeze-thaw cycles to form 
polymer microcrystals 
PVA 
Lower pH to form an H-bonded gel 
between two different polymers in the 
same aqueous solution 
PEO and PAAc 
Mix solution of a polyanion and a 
polycation to form a complex coacervate 
gel 
Sodium alginate and 
polylysine 
Gel a polyelectrolyte solution with a 
multivalent ion of opposite charge 
Na+ alginate− + Ca2+ 
+ 2Cl− 
Chemical 
Crosslink polymers in the solid state or 
in solution with: 
 
- Radiation  PEO in H2O 
- Chemical crosslinkers Treat collagen with 
glutaraldehyde or bis 
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epoxide 
- Multifunctional reactive 
compounds 
PEG + diisocyanate 
Copolymerize a monomer + crosslinker 
in solution 
HEMA + EGDMA 
Copolymerize a monomer + 
multifunctional macromer 
bis-methacrylate 
terminated PLA-PEO-
PLA +  photosensitizer 
+ visible light radiation 
Polymerize a monomer within a 
different solid polymer to form an IPN gel 
AN + starch 
Chemically convert a hydrophobic 
polymer to a hydrogel 
Partial hydrolysis of 
PVAc to PVA or PAN 
to PAN/PAAm/PAAc 
Hydrogels have become often studied possibility for tissue engineering matrices, as they 
possess lot of desirable qualities, required in this area. Their advantages cover satisfactory 
biocompatibility, easy modification, good transport of nutrients to cells, protection of cells 
and drugs by aqueous environment and possible injectability. Some disadvantages that may 
make the usage of hydrogels a bit more challenging include low mechanical strength, 
handling difficulties and tricky sterilization. Disadvantage of natural material hydrogels is 
also its poor antimicrobial activity, making it a good substrate for bacterial growth and 
leading to severe infections and inflammation. This fact implies to look for adequate 
antibacterial modification and prevent these undesirable side reactions [7].  
Currently used modifications for hydrogels mainly include release of some antibacterial 
agent such as antibiotics, metal ions or using an inherently antibacterial polymer network, 
possibly combination of both. Out of these options, nanoparticles are highlighted for their 
large surface to volume ratio and are thus way more effective in antimicrobial interactions as 
well as better stability than organic compounds [8-10].  
2.3 Antibacterial nanoparticles 
Nanoparticles are classified as particles with at least one dimension in nano-scale, 
preferably all three of them. The best quality, possessed by nanoparticles of any kind is their 
very high surface/volume ratio. Compared to microparticles, interaction of nanoparticles 
thanks to the high surface can be as much as 1000 times increased. To put it another way, 
very small amount of nanoparticles can ensure same effect as much higher quantity of 
microparticles, without affecting the material properties caused by the necessity of large 
volume additions [10].  
Wide array of nanoparticles have been used among the literature including inorganic, 
organic as well as hybrid materials. Currently used materials for antibacterial nanoparticles 
preparation are shown in Figure 2 [8].  
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Figure 2: Summary of possible nanoparticle materials [8] 
The most frequent among biomaterials covers inorganic metals and metal oxides, 
especially Au [11-16], Ag [12, 13, 16-26], Fe oxides 
[25, 27, 28] and hydroxyapatite (HAp) [13, 27, 29]. 
Less occurring includes Se [30], Zn [8], C [13], Pt and Pd [15] nanoparticles. Among them, great 
deal of interest is lately put on silver nanoparticles, as they possess a remarkable and 
especially tuneable properties and characteristics.   
Silver nanoparticles have very unique optical, electrical as well as thermal properties. 
Current trends tend to incorporate them into lot of different materials in different fields of 
application, from biomechanical and chemical sensors to use of their excellent conductivity in 
photovoltaics. Crucial is to understand how the size, shape and state of aggregation are 
affected by different preparation conditions as well by incorporating nanoparticles in target 
material. Achievable shapes at different diameter are shown in Figure 3 [31-32].   
 
Figure 3: Transmission electron micrographs of Ag nanoparticles with diverse size and 
shape [32] 
Growing interest is put on their optical properties as the functional component of many 
various products and sensors. Silver nanoparticles are highly efficient at absorbing and 
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scattering light and have very unique size and shape dependent colour. This extraordinary 
interaction of silver with light occurs when the conduction electrons of the metal surface 
undergo a collective oscillation when emitted by a light irradiation at a specific wavelength. 
This phenomenon is called surface plasmon resonance (SPR) and results in intensive 
absorption and scattering properties of silver. Because of this, silver nanoparticles can have as 
much as ten times higher effective extinction (absorption + scattering) cross section than their 
actual physical one. Extinction spectra and nanoparticles solution colour dependence on shape 
and diameter are shown in Figure 4 [31-32].  
 
Figure 4: Selected extinction spectra and solution appearences of silver nanoparticles 
between 10 and 100 nm in diameter (top) and between 50 and 150 nm in diameter 
(bottom) [32] 
Intensified scattering cross section thanks to SPR allows us to visualize silver nanoparticles 
by a conventional optical microscope under a dark field (Figure 5) [31-32].  
 
Figure 5: Optical microscope image of (from left to right) 60 nm in diameter silver 
nanospheres, 75 nm in diameter silver nanocubes and 100 nm in diameter silver nanocubes in 
dark field [32]. 
It has also become very common to use silver as antimicrobial agent and add silver 
nanoparticles to materials or use them in the form of coating in various biomedical 
applications where slow release of silver as an anti-bacterial protection is desirable. The 
antimicrobial activity of silver lies in their interaction with thiol groups of vitally important 
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bacterial enzymes and proteins. This way, they affect the respiratory system resulting in 
bacterial cell death [10, 32].   
2.3.1 Preparation of nanoparticles 
Possible ways of preparing biomaterials with nanoparticles are shown in Table 2. 
Advanced methods have been introduced lately, based on in-situ reduction [14, 21-23] of the 
nanoparticles from salts and other compounds, using variety of reducing agents, stabilization 
agents and biomaterial matrices as a support [8].  
Reducing agents such as sodium borohydrate, hydrazine, hydrogen peroxide, sodium 
citrate, ascorbic acid or formaldehyde have been successfully used in literature, some of them 
in combination with light irradiation [21, 25]. Even though they work fine as reducing agents, 
they often exhibit certain degree of environmental toxicity and/or biological hazard. This fact 
suggests that some form of “green way” nanoparticles reduction needs to be created.  
Biomaterial matrices used vary according to application and can be both, natural and 
synthetic. Frequent natural ones include reducing sugars, chitosan, cellulose, worm silk or 
some sort of plant extracts. Summary of currently used matrices is covered in Figure 6 [8]. 
 
Figure 6: Support systems and matrices for nanoparticles [8] 
Some methods mentioned within literature use the matrix itself as a reducing and 
stabilization agent. Specifically, they use a complexation of the hydroxylic, carboxylic and 
amino groups of the matrix with the ions forming a transient intermediate before reducing to 
nanoparticles. Complexation occurs by donation of lone electron pairs of oxygen in 
carboxylic and hydroxylic groups and nitrogen in amino group to occupy the sp orbitals of the 
ions [21].  
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Table 2: Nanoparticle preparation methods [8] 
Method Nanopartic
les 
Precursor
s 
Conditions Reference
s 
Hydrothermal (BiO)2CO3 Bismuth 
citrate, urea 
Dispersion of 
bismuth salt solution 
in the oil phase (n-
hexane, 1-pentanol and 
CTAB). Addition of 
urea and hydrothermal 
treatment of w/o 
emulsion in autoclave 
(150 °C for 4 h). 
[33] 
Hydrothermal ZnO Zn(OAc)2, 
Zn(NO3)2, 
ZnSO4, 
NaOH, KOH 
Precipitation of 
Zn(OH)2 in alkaline 
solution, sonification 
and heating in Teflon 
autoclave (80 °C, 
24 h).  
[34] 
Solvothermal Y2O3 Y(OAc)3 Decomposition of 
yttrium acetate 
solution in oleyamine 
at 310 °C (rapid 
heating) for 30 
minutes. 
[35] 
Precipitation Thioglycero
l coated ZnO 
ZnCl2, 
NaOH 
Precipitation of 
Zn2+ ions in slightly 
alkaline methanol 
solution in the 
presence of 
thioglycerol (without 
heating). 
[36] 
Co-
Precipitation 
Glycol 
chitosan 
coated Fe3O4 
FeCl3, 
FeSO4, 
ammonia 
solution 
Precipitation of 
magnetite NPs in 
alkaline solution 
(ammonia) of ferric 
and ferrous salts 
(85 °C, inert gas). 
Adsorption on glycol 
chitosan on NPs. 
Vacuum drying.  
[37] 
Co-
Precipitation 
ZnO, Co-
ZnO 
Zn(OAc)2, 
Co(OAc)2, 
KOH 
Precipitation of 
Zn2+ ions (or Co3+ co-
precipitation) in 
alkaline (KOH) 
methanol solution 
(52 °C). Drying at 
[38] 
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127 °C. 
Chemical 
reduction 
Ag AgNO3, 
NaBH4 
Reduction of Ag+ 
ions to metallic NPs by 
NaBH4 in presence of 
SDS. 
[39] 
Electrochemica
l 
Chitosan 
capped Ag 
Metallic 
silver 
Electrochemical 
oxidation of Ag in 
chitosan and acetic 
acid solution as 
electrolyte (inert gas). 
Reduction of Ag+-
chitosan complex by 
UV irradiation 
(λmax = 254 nm). 
[40] 
Electrochemica
l 
CuO Metallic 
copper 
Electrochemical 
oxidation of Cu to 
CuO NPs in the 
presence of TBAB, 
THF and acetonitrile 
as electrolyte 
components (inert 
gas). 
[41] 
Photochemical Ag AgNO3 Photoreduction of 
Ag+ ions to Ag NPs 
catalyzed by ZnO 
whiskers under natural 
light irradiation. 
[42] 
2.3.2 Analysis of biopolymer/nanoparticles type of materials  
Lots of different properties have been observed by using a variety of analytical methods 
and instruments. Used methods usually reflect specific application of prepared nanoparticles 
and thus are determined by the information needed for their successful use. Size of 
nanoparticles as well as distribution and homogeneity of their layer are usually characterized 
by microscopic methods, almost exclusively by transmission electron microscopy (TEM), 
dynamic light scattering (DLS) and scanning electron microscopy (SEM), rarely by atomic 
force microscopy (AFM) [14-16, 21-22, 24-26, 27, 30].  
Ultraviolet and visible area wavelengths absorption (UV-VIS) is used to distinguish 
between ionic and neutral form of the metal and confirm the formation of nanoparticles, as 
each of the forms absorbs light at different wavelength. Specific position of Ag0 peek in UV-
VIS spectra can also provide some information about NPs size and shape, as shown in Figure 
7 [14-16, 21-22, 24-26, 27, 30-32]. 
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Figure 7: Influence of Ag nanoparticles size on position of the UV-VIS absorption and 
scattering peek [31] 
Infrared spectrometry (FTIR-ATR) is frequently used method to observe the interaction 
between nanoparticles and functional groups of used matrix, prevalently COOH, OH and NH2 
groups. Interaction is expressed by ionization of these groups and thus by appearance of 
COO-, O-, NH- peeks. Quantification of interaction is possible by using infrared spectrometry 
in combination with gravimetric techniques. Thermal gravimetry (TGA) and other thermal 
analysis can provide information about material thermal stability.  
Important for antibacterial application of nanoparticles are naturally methods that test the 
antimicrobial activity of prepared materials. These usually absolute methods lies in addition 
of bacteria to prepared materials and measuring bacterial death over a certain period of time in 
comparison with control sample [10]. 
2.3.3 Application of antibacterial nanoparticles 
Antibacterial nanoparticles are being used in wide variety of applications, mainly including 
medical fields, such as dentistry, pharmacy and wound healing, as well as food and textile 
applications. Areas, that takes advantage of NPs antibacterial properties are summarized in 
Figure 8 [8].  
In the field of pharmacy, nanoparticles promise advancement in nanomedicine, able to 
overcome limitations of human diseases on nanoscale, on which biomolecules act. They 
usually serve as antibacterial drug carriers and have shown to improve either 
pharmacokinetics or antibacterial efficiency by ensuring sustainable drug release directly at 
the infection spot [8, 10]. 
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Figure 8: Scheme of possible antibacterial nanoparticles application areas [8] 
As a potential additive for dental adhesives, nanoparticles could increase antibacterial 
protection and reduce growth of bacterial biofilms. As much as 10 wt.% of ZnO nanoparticles 
in dental fillers have shown to reduce bacterial biofilm growth by 80 % [8, 10].  
 Nanoparticles have also been successfully applied in wound dressing, protecting it from 
environmental irritants and preventing microbial invasions. Silver nanocomposite consisted of 
silver nanoparticles conjugated to glycosaminoglycans or glucose has been patented as an 
antimicrobial agent for wounds and burns. Possible is also application as a coating of surgical 
tools and catether [8, 10].  
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3 GOAL OF THE WORK 
Main purpose of experimental part was to prepare silver nanoparticles on collagen 
matrix and study the interaction of silver and collagen as well as observe the influence of 
different preparation conditions and parameters on resulting nanoparticles properties, 
such as shape, size and homogeneity of their layer, thermal and hydrolytical stability and 
importantly their antibacterial activity.  
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4 EXPERIMENTAL PART 
The experimental part is secret for the protection of intellectual property.  
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